underlying action. For instance, reading (or hearing) names of objects primes how those objects are grasped (e.g., Tucker & Ellis, 2004) and manipulated (Bub & Masson, 2012) , and naming pictures of things that are interacted with manually (e.g., pencils) produces activation in premotor cortex (e.g., Chao & Martin, 2000) .
However, this motor priming and motor-cortex activation may be incidental to the activation of the concept, rather than part of it (for discussion, see Mahon & Caramazza, 2008) . This distinction is critical to theories of conceptual representation, yet little progress has been made toward resolving it because most evidence has come from the kind of neuroimaging or priming-ofaction studies described earlier. Such findings, though suggestive, cannot directly address whether action information is part of conceptual representation: Even if thinking about pencils reliably and rapidly activates motor information, it remains logically possible that this activation is incidental to, rather than part of, the representation of pencils. Functional MRI (fMRI) studies cannot adjudicate between these possibilities; fMRI allows one to infer an influence of cognition on brain activity, but not an influence of brain activity on cognition (e.g., Weber & Thompson-Schill, 2010) . Priming actions has an analogous limitation: One can infer that the cognitive process in question influenced the action, but not that the action influenced the cognitive process.
How might one directly address whether objects with which people have had significant motor experience are represented, in part, in motor areas? If sensorimotorbased theories are correct, then not only should hearing "pencil" activate the motor pattern associated with pencils (as demonstrated in the studies described earlier), but activating the motor pattern associated with pencils should partially activate the concept pencil (cf. studies of object recognition by Helbig, Steinwender, Graf, & Kiefer, 2010, and Walenski, Mostofsky, & Ullman, 2007) . Further, making it difficult to activate the motor pattern associated with pencils should make it difficult to think about pencils.
Determining whether there is such an influence of motor activity on thought is the critical test case for whether motor knowledge is truly part of, rather than peripheral to, the representation of manually experienced objects (see Anderson & Spivey, 2009 ). Yet few studies have explored the influence of motor-area activity on object concepts. In one, transcranial magnetic stimulation (TMS) of the inferior parietal lobule (assumed by the authors to alter object-related action) delayed participants' naming of pictures of manipulable objects but not of nonmanipulable objects (Pobric, Jefferies, & Lambon Ralph, 2010) . In another study, squeezing a ball in one hand made it more difficult for participants to name tools whose handles faced the squeezing hand (Witt, Kemmerer, Linkenauger, & Culham, 2010) . By showing that engaging motor regions has an impact on object naming, these findings suggest that motor information is indeed part of the representation of manipulated objects.
However, the evidence is indirect. For instance, Pobric et al. (2010) did not report whether stimulating the inferior-parietal-lobe site found to affect participants' naming of pictures of manipulable objects also affected participants' ability to perform manual actions. Further, in Witt et al. (2010) , the effect was produced not by the object per se but by the orientation of its handle-which could indicate that motor affordance information about objects is calculated for specific instances on the fly, rather than being part of the long-term conceptual representation of objects. In fact, results from studies on braindamaged participants with apraxia, who have problems performing object-related actions but can nevertheless recognize the same objects they have difficulty acting on, have been taken as indicating that motor activity may not be a constituent part of object knowledge (Negri et al., 2007 ; but see Myung et al., 2010) . Hence, additional work is needed to determine whether motor information is part of object representations.
Moreover, the underlying cause of the influence of motor activity on thought has yet to be explored. Establishing the cause is essential, given that sensorimotor-based models require that experience with objects determines their representations (see Pulvermüller, 2001 ). This means that the extent to which motor activity is part of an object's representation should not simply reflect some categorical property of the concept (e.g., grammatical class or object attribute-for instance, "manipulable" or "kickable"). Instead, it should reflect the amount of motoric experience with the object. Thus, past motoric (but not nonmotoric) experience with an object should determine the impact of motor activity on the ability to think about that object. This is what we explored in the current study.
In Experiment 1, participants made verbal judgments about whether heard words were concrete or abstract while performing a concurrent task and while performing no concurrent task (in alternate blocks). The concurrent task was either a manual patty-cake-like task (involving motions incompatible with the motions associated with the presented words) or a control task (mental rotation). Hence, all participants completed both a concurrent-task block and a no-concurrent-task block, but the type of concurrent task (manual or rotation) differed between participants. The logic behind this design was analogous to that employed in TMS studies, in which brain areas are temporarily disabled and effects on behavior are measured. Unlike using TMS, however, engaging the motor system with a concurrent task does not rely on assumptions about the precise neuroanatomical regions that support the primary and secondary tasks: If the secondary task selectively interferes with the primary one, we can infer that the brain areas engaged by the secondary task are causally related to its execution. We predicted that interference from the patty-cake task would be greatest when participants judged objects with which they had the greatest amount of manual experience. In Experiment 2, we tested whether the predicted pattern of interference was also observed during object naming.
Experiment 1

Method
Participants. Seventy-two participants (45 female, 27 male) were recruited from the University of Pennsylvania community and received $10 per hour or course credit in return for participating. All participants were native English speakers and had normal or corrected-to-normal vision and normal hearing. Thirty-six participants were assigned to the manual-task group and 36 to the mental rotation (control) group.
Materials and procedure.
We recorded sound files for 208 concrete nouns and 70 abstract nouns (e.g., justice; see Table S1 in the Supplemental Material available online for a full list of stimuli). We used six closed-contour shapes (Fig. 1) as stimuli for the rotation task.
Stimuli were divided into two counterbalanced lists, such that each word occurred in concurrent-task (manual or rotation) and no-concurrent-task blocks (between subjects). Stimuli were presented in a fixed pseudorandom order (avoiding sequential semantically related words). There were 139 experimental trials (105 with concrete words and 34 with abstract words) per block. A voice key was used to record response times (RTs) for concrete/ abstract judgments. Accuracy was coded off-line. Before completing the experimental trials, participants completed 20 practice trials, during which the experimenter gave feedback on performance of the concurrent tasks and on responding loudly enough to trigger the microphone.
In the no-concurrent-task block, participants simply made concrete/abstract judgments. In the patty-cake block, participants continuously performed a three-step manual task with both hands while making concrete/ abstract judgments. The patty-cake task was carefully designed to involve only "nonsense" actions that were unlikely to be associated with the objects referred to by the words or, indeed, with any objects, particularly when performed as a continuous sequence. In the mental rotation block, a closed-contour shape appeared for 1 s before the presentation of the word for the concrete/ abstract judgment. After making a judgment, participants saw the same shape and clicked a computer mouse (with their foot) if it had rotated 90° clockwise (true on 25% of trials; on the remaining trials, it was rotated 0°, 180°, or 270°). Figure 1 shows the trial structure and example stimuli used for the manual and rotation tasks. Block order was counterbalanced.
After completing the two blocks of concrete/abstract judgments, participants heard each concrete word again and indicated whether they had more experience touching the object with their hands or looking at it, using a scale from 1 (more experience touching) to 7 (more experience looking).
Results
On the basis of the postexperimental ratings, for each subject, we divided the items into two conditions: Items whose scores were in the bottom tercile were assigned to the more-experience-touching condition (M = 1.9, SD = 0.6), and those whose scores were in the top tercile were assigned to the less-experience-touching condition (M = 6.8, SD = 0.3). For each condition, we computed the manual-interference effect (separately for error rates and RTs) as the difference between semantic categorization responses in the manual-task and no-concurrent-task blocks. The rotation-interference effect for each condition was calculated analogously. Table 1 shows the raw RTs and error rates used to calculate these interference effects. As the table indicates, responses were slower in the concurrent-task blocks than in the no-concurrent-task blocks, F(1, 70) = 30.4, p < .001, and participants whose concurrent task was mental rotation responded slightly more slowly overall than did those whose concurrent task was patty-cake, F(1, 70) = 4.5, p = .04. However, RTs revealed no differences between conditions on the interferenceeffect measure and are not described further. To satisfy the homogeneity-of-variance and normality assumptions of analysis of variance (ANOVA), the analysis of errors was performed on the interference-effect measure.
Our primary hypothesis was that the extent to which conceptual judgments about objects are affected by a secondary task depends both on the nature of the secondary task (manual vs. visuospatial) and on the individual's motor history with the objects (amount of experience touching them). This hypothesis was supported by a reliable interaction between task type and manual experience on the magnitude of the interference effect, F(1, 70) = 4.5, p = .04. There was no main effect of task type, F(1, 70) = 2.5, p = .12. (However, there was a trend toward greater interference from the rotation task than from the manual task, which suggests that rotation was slightly more difficult.) There was no main effect of manual experience F(1, 70) = 2.0, p = .16. Planned comparisons revealed an effect of manual experience on the magnitude of the manual-interference effect, t(35) = 2.1, p = .04, but not on the rotation-interference effect, t(35) = −0.6, p = .54 (Fig. 2 ).
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We also tested whether, on an object-by-object basis, amount of past manual experience with an object determined the impact of motor activity on conceptual access. Fig. 1 . Structure of concurrent-task trials in Experiment 1 (semantic categorization task) and Experiment 2 (picture-naming task). In Experiment 1, participants performed a semantic categorization task (a, b) in which they heard spoken words (middle timelines). At the time the sound file for each word was played, a question mark appeared on the screen (left-most timelines), and participants made verbal judgments about whether heard words were concrete or abstract. On concurrent-task trials, one group of participants performed a concurrent patty-cake task, as illustrated by the images in the right-most timeline in (a), and another group performed a concurrent mental rotation task on visual shapes, as illustrated in the right-most timeline in (b). For this latter group, a shape appeared for 1 s before the presentation of each word in the semantic categorization task; after making a response, participants saw the same shape and clicked a computer mouse with their foot if it had rotated 90°. In Experiment 2, participants viewed a sequence of pictures, as illustrated by the left-most timeline in (c), and their task was to name the pictures (correct responses are indicated by the middle timeline). Concurrently, they performed the same patty-cake task as did the manual-task group in Experiment 1.
That is, we used experience ratings as a continuous rather than a binary variable to predict the magnitude of the manual-interference effect across all items that elicited errors (N = 55 for the manual task and N = 70 for mental rotation). We found that more experience touching an object led to a larger manual-interference effect for that object, r = .28, p = .04 (Fig. 3a) . There was no relationship between past experience touching objects and the rotation-interference effect, r = .13, p = .27 (Fig. 3b) .
Hence, in Experiment 1, we found that one's amount of past experience touching an object influences one's ability to access its representation when performing a manual task involving actions that are incompatible with those associated with the object. Critically, because each item appeared in each task, differences between items were controlled for-thus, for the same items, manual experience modulated interference in the manual task but not in the rotation task. Before discussing the implications of this finding, we describe Experiment 2, in which we tested whether past experience touching objects also modulated the influence of concurrent manual behavior during performance of a different task: picture naming. Whereas one could argue that concrete/ abstract judgments elicit imagined touching (and that the manual task affected this incidental imagery process), it is less plausible that picture naming does. Therefore, an experience-dependent manual-interference effect on picture naming would provide even stronger evidence that motoric information is part of the representation of frequently handled objects. Moreover, the overall error rate in Experiment 1 was low, and several participants made no errors. We therefore asked whether the findings would generalize to a different task that might elicit more errors.
Experiment 2
Method
Participants. Thirty participants (24 female, 6 male) were recruited from the University of Pennsylvania community and received $10 per hour or course credit in return for participating. All participants were native English speakers and had normal or corrected-to-normal vision.
Materials and procedure. Stimuli were 218 gray-scale photographs of concrete objects. Only images determined by a pretest (N = 20) to have high name agreement were used. Most photographs depicted objects whose names were used in Experiment 1. (See Table S1 in the Supplemental Material.) In a second pretest, for each image, participants (N = 20) were asked, "How much experience do you have touching this object showing the relationship between interference-effect scores and ratings of experience touching objects for the manual task (a) and the mental rotation task (b). For both the manual task and the mental rotation task, interference scores were calculated by subtracting semantic categorization error rates in the no-concurrent-task block from semantic categorization error rates in the concurrent-task block.
with your hands?"; responses were made using a scale from 1 (low manual experience) to 7 (high manual experience). Pretest participants did not participate in the picture-naming task or in Experiment 1.
Images were presented one at a time and remained on the screen until a voice key registered the participant's response. The experimenter coded responses for accuracy on-line. Responses were coded as correct only if they matched an expected name (i.e., a normed name, as determined by the pretest) and the voice key was triggered accurately (e.g., not by a disfluent false start such as "uhh" or "um"). Errors were primarily disfluent false starts, omissions (e.g., "don't know"), and semantic substitutions. Each participant performed both a patty-cake block and a no-concurrent-task block. In the patty-cake block, participants performed the three-step manual task used in Experiment 1 continuously while naming the pictures. In the no-concurrent-task block, participants simply named the pictures. (Because Experiment 1 revealed no relationship between rotation interference and experience with objects, we did not include a rotation block in Experiment 2.) As in Experiment 1, stimuli were divided into two counterbalanced lists, such that each picture occurred in both the no-concurrent-task block and the concurrenttask block (between subjects). Block order was counterbalanced. Participants completed 30 practice trials before beginning the experimental trials.
Results
As in Experiment 1, we used manual-experience ratings to divide items into terciles, creating two conditions: more experience touching (top tercile; M = 4.7, SD = 0.7) and less experience touching (bottom tercile; M = 1.4, SD = 0.4). Table 1 shows the raw RTs and error rates used to calculate the manual-interference effects (computed as in Experiment 1). As in Experiment 1, responses were slower in the concurrent-task block than in the no-concurrent-task block, F(1, 29) = 10.8, p = .003. Also, words for objects that participants had less experience touching were responded to more slowly overall than were words for objects that participants had more experience touching, F(1, 29) = 8.9, p = .006. As in Experiment 1, RTs revealed no differences between conditions on the interference-effect measure, so we again focus on errors. Unlike in Experiment 1, all participants made errors in Experiment 2.
Once again, the analysis of errors was performed on the interference-effect measure. Consistent with our experience-based hypothesis, results again revealed a reliable effect of manual experience on the magnitude of the interference effect, t(29) = 2.1, p = .04 (Fig. 4) . As in Experiment 1, we also found that across all objects that elicited errors (N = 211), there was a relationship between amount of experience touching an object and manual interference when naming it, r = .16, p = .02 (Fig. 5) .
Hence, in Experiment 2 we again showed that an incompatible manual task can interfere with the ability to think about frequently touched objects-specifically, it can interfere with the ability to produce their names.
Discussion
Our results showed that when participants made concrete/abstract judgments about an object, the degree to which performing a concurrent manual task increased response difficulty was related to how much experience they had touching the object. The same pattern was observed for object naming. The absence of an experience-modulated interference effect of mental rotation in Experiment 1 demonstrates that the observed effect was not a general effect of task difficulty (if anything, the rotation task was slightly more difficult overall than the manual task was). Moreover, the fact that there was a significant correlation between patty-cake interference and manual experience across items, and that this correlation appeared in both experiments, attests to the generalizability of the results.
Thus, the amount of manual experience with an object predicts the degree to which thinking about that object is disrupted by performing an incompatible manual task. This suggests that the motor system's role in conceptual representations is determined by experience. Further, by demonstrating a direct link between the engagement of the motor system and the ability to access and produce the names of frequently manipulated objects, our work establishes a causal role for the motor system in conceptual representations. Fig. 4 . Results from Experiment 2: mean interference-effect scores as a function of object condition. For both the manual task and the mental rotation task, interference scores were calculated by subtracting semantic categorization error rates in the no-concurrent-task block from semantic categorization error rates in the concurrent-task block. Error bars show standard errors of the mean.
Our findings are consistent with a large body of work that has focused on the role of the motor system in thinking about action (e.g., Bak et al., 2006; Boulenger et al., 2008; Cotelli et al., 2007; Damasio & Tranel, 1993; Neininger & Pulvermüller, 2003) -particularly action-language comprehension (Glenberg, Sato, & Cattaneo, 2008; Pulvermüller, Hauk, Nikuli, & Ilmoniemi, 2005; Shebani & Pulvermüller, 2013) . However, our work breaks new ground by demonstrating that the motor system's role generalizes beyond action understanding-it can also be a part of object representation. This generalization is crucial: Sensorimotor-based theories concern all concepts, but until now, the notion that motor information is a constituent part of object representations has not been put to a strong test. Moreover, whereas prior work has focused on categorical distinctions between stimuli (e.g., action verbs vs. nouns), we have shown directly that the relevant feature-manual experience-predicts disruption by performance of a manual task. Although it has been assumed that prior effects had to do with manual experience, this assumption has never before been tested.
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If frequently manipulated objects are partially represented in motor areas, why did we predict (and observe) interference from the manual task, rather than facilitation showing the relationship between interference-effect scores and ratings of experience touching objects. Interference scores were calculated by subtracting semantic categorization error rates in the noconcurrent-task block from semantic categorization error rates in the concurrent-task block.
by it? The manual task was constructed to involve actions unlikely to be performed on the presented objects (or, indeed, on any objects). If participants had instead performed actions that were congruent with each object's use, we would have predicted facilitation (see Bub, Masson, & Bukach, 2003 , for a study exploring the influence of task performance on congruency effects).
3 This prediction is supported by evidence that seeing (or hearing the name of) a manipulable object partially activates similarly manipulated objects (Campanella & Shallice, 2011; Helbig, Graf, & Kiefer, 2006; Kiefer, Sim, Helbig, & Graf, 2011; Myung, Blumstein, & Sedivy, 2006) . Such evidence might suggest a different explanation of the findings: that performing the patty-cake task activated the representations of objects manipulated with similar motions, and it was these active representations (rather than the actions per se) that interfered with the representations of objects with which participants had more manual experience.
Given that the sequence of motions involved in the patty-cake task was expressly selected to be dissimilar to actions associated with any objects, we consider this possibility unlikely. Nevertheless, such an account would be compatible with the interpretation we have proposed: Because the interference is specific to objects with which people have more manual experience (and is correlated with such experience), any representations activated by the patty-cake task would have to be interfering with manipulation-related knowledge that is part of the concepts for to-be-categorized or to-be-named objects. In either case, the underlying cause of the interference effect is object-based manipulation-related knowledge.
Findings from neuroimaging studies demonstrating that motor areas become active when people think about manipulable objects (e.g., Chao & Martin, 2000) are often interpreted as evidence that the representation of manipulated objects involves motor areas. However, it has been argued that such results are also consistent with motorarea activation being incidental to, rather than a functional part of, the representations (e.g., Mahon & Caramazza, 2008) . By showing that engaging motor areas interferes with the ability to think about frequently manipulated objects, our results demonstrate that motor-area activity is indeed a constitutive part of the representation of manipulated objects. Notably, the study reported here is a case in which a comparatively simple manipulation (asking participants to make hand motions) addresses the question of interest more directly than could any functional-neuroimaging method currently in vogue.
Critically, we also tested a fundamental but rarely explicitly examined premise of sensorimotor-based theories: that the underlying factor driving motor activity's influence on conceptual representation is experience. In both of our experiments, we found that on an item-byitem basis, amount of experience touching an object predicted the amount of interference produced by the manual task. This pattern suggests that past experience touching objects indeed shapes these representations. Given that such experience varies across individuals (sometimes significantly), these results also suggest that the influence of motor activity on conceptual access should vary across individuals-just as the influence of conceptual access on motor-region activity varies with experience (e.g., Kan, Kable, Van Scoyoc, Chatterjee, & Thompson-Schill, 2006; Kiefer, Sim, Liebich, Hauk, & Tanaka, 2007; Weisberg, Turennout, & Martin, 2007; Willems, Hagoort, & Casasanto, 2010 ; see also Beilock, Lyons, Mattarella-Micke, Nusbaum, & Small, 2008, and Chrysikou, 2011 , for related findings). To return to our opening example, perhaps if Jakob's younger brother, Stephen (a technophile who never uses pencils), had been the one kneading dough, he would have had no difficulty understanding "pencil" because his representation of pencil would not contain motor knowledge.
Future work should explore the extent to which personal experience, observation (e.g., of others manipulating pencils), and cultural knowledge (e.g., knowing that most people do manipulate pencils) each contribute to an object's representation. It would also be fruitful to explore whether experience can similarly predict other sensorimotor-based aspects of conceptual knowledge. For instance, if Stephen's representation of pencil were primarily visual, perhaps an appropriate interfering visual task would make it more difficult for him to think about pencils.
It is important to emphasize that showing that motor information is part of the representation of manually experienced objects is quite different from claiming that it is necessary in order to have any representation of them. Conceptual representations, even for frequently handled objects, can include many different components-for instance, visual, auditory, olfactory, and action-oriented information, as well as nonsensorimotor information, such as encyclopedic knowledge (e.g., that pencils contain graphite). Thus, being unable to access part of a representation does not entail losing the entire concept-just as losing one finger from a hand does not entail loss of the entire hand. The findings reported here highlight this point: Even for objects with which participants had a high degree of manual experience, the pattycake task did not dramatically increase errors. In fact, this may also explain why brain damage leading to problems performing an action with a particular object does not entail difficulty recognizing that object (Negri et al., 2007) -the object may be recognizable on the basis of other aspects of its representation (and the extent to which there are other aspects to rely upon may vary across individuals).
In sum, our work shows that not only does thinking about manipulable objects influence activity in motor areas, but activity in motor areas influences people's ability to think about manipulable objects. Hence, motor area activity is not "peripheral" to object concepts-it is part of them: The sensorimotor activity evoked when something is interacted with (i.e., experienced) appears to become part of its meaning. Further, our findings suggest that the ability to use language can change moment by moment according to the match between one's (experience-based) mental representations of words' meanings and the requirements of whatever one happens to be doing.
